ABSTRACT A new technique for measuring fast reactions in solution has been demonstrated. The changes in magnetic susceptibility during the recombination reaction of human hemoglobin with carbon monoxide after flash photolysis have been measured with a new high-sensitivity instrument using cryogenic technology. The rate constants determined at 200 (pH 7.3) are in excellent agreement with those obtained by photometric techniques [Gray, R. D. (1974) J. Biol. Chem. 249, 2879-2885. A unique capability of this new method is the determination of the magnetic susceptibilities of short-lived reaction intermediates. The magnetic moment of the intermediate species Hb4(CO)3 was found to be 4.9 ± 0.1 jtB in 0.1 M phosphate buffer by partial photolysis experiments. This value agrees with the predictions of two-state allosteric models of cooperativity in hemoglobin. The power of many physical techniques has been greatly extended by their use in kinetic studies to measure reaction rates and the properties of intermediate species not present in equilibrium. However, conventional magnetic susceptibility instruments generally lack both the sensitivity and time resolution necessary for measuring fast reactions in solution. In our laboratory, we have been applying superconducting technology to construct a very-high-sensitivity magnetic susceptibility instrument for research in biophysics and chemistry. In addition to higher precision and sensitivity for equilibrium measurements, we hoped through this approach to achieve sufficient time resolution for kinetic measurements. This paper reports measurements of the kinetics of the reaction of human adult hemoglobin with carbon monoxide and a measurement of the magnetic moment of an intermediate in this reaction.
phate buffer by partial photolysis experiments. This value agrees with the predictions of two-state allosteric models of cooperativity in hemoglobin. Possible applications and improvements in this technique are discussed.
Magnetic susceptibility measurements have often been used by chemists and biochemists to probe the electronic states of transition metal ions. Such measurements can yield information on the symmetry and strength of ligand fields and the oxidation state of the ion, as well as on the strength of interactions between clusters of ions. Magnetochemical methods have been particularly helpful in studies of metalloproteins and of synthetic analogues of their active sites.
The power of many physical techniques has been greatly extended by their use in kinetic studies to measure reaction rates and the properties of intermediate species not present in equilibrium. However, conventional magnetic susceptibility instruments generally lack both the sensitivity and time resolution necessary for measuring fast reactions in solution. In our laboratory, we have been applying superconducting technology to construct a very-high-sensitivity magnetic susceptibility instrument for research in biophysics and chemistry. In addition to higher precision and sensitivity for equilibrium measurements, we hoped through this approach to achieve sufficient time resolution for kinetic measurements. This paper reports measurements of the kinetics of the reaction of human adult hemoglobin with carbon monoxide and a measurement of the magnetic moment of an intermediate in this reaction.
MATERIALS AND METHODS
Magnetic Susceptibility Instrument. The essential elements of the magnetic susceptometer are indicated in Fig. 1 The instrument may be operated in two modes. To measure the total susceptibility of a sample, the change in magnetometer output is recorded as the sample is inserted into the sensing coil. In this mode, the instrument can resolve a change in volume susceptibility* of 9 X 1012, which is equivalent to a change of 0.0001% of the susceptibility of a typical diamagnetic sample (such as a protein in solution). This is an improvement of about two orders of magnitude over vibrating sample, force, or other SQUID systems. The system is calibrated with a sample whose susceptibility is known. In the second operating mode, the sample remains fixed within the sensing coil, and changes in susceptibility due to chemical reactions, temperature changes, etc., are measured. This mode was used for these kinetic experiments. The system response time is 300 us. For kinetic experiments, the susceptometer is characterized by a white noise spectrum above 5 Hz with a rms level of 1.1 X 10-11 (Hz)-1/2, or a concentration of a spin ' Solutions containing CO were prepared by diluting buffer saturated with CO at atmospheric pressure at 200 with deoxygenated buffers, assuming a CO solubility of 1.0 mM. A few grains of sodium dithionite were added directly to the syringe used to fill the sample bulbs to remove residual dissolved 02-Heme concentrations were measured in a Beckman DK2-A spectrophotometer by using the extinction coefficients of Banerjee et al. (4) .
RESULTS
The recombination reaction after photolysis of the HbCO was studied in 0.05 M 2,2-bis(hydroxymethyl)-2,2',2"-nitrilotriethanol/0.1 M NaCl buffer both with and without added 1 mM diphosphoglycerate, as well as in 0.1 M phosphate. The susceptibility changes during a typical experiment are shown in Fig. 2 . The vertical segment represents a fractional change of only 0.0055% of the total susceptibility of the sample and is equivalent to a change in lfb concentration of 3.3 1sM. Fig. 2 clearly illustrates the feasibility of experiments at micromolar concentrations with millisecond time resolution when signal averaging is possible, and at somewhat higher concentrations for nonrepetitive experiments. The initial negative offscale change is due to a spurious (and unexpected) signal from the Lucite light pipe. This rapidly decaying signal is independent of the presence of a sample and is believed to be mechanical in origin. In effect, it increases the dead time of the instrument from 1 to 15 ms. We expect to eliminate this problem in future experiments. Fig. 3 is a pseudo-first-order plot of the normalized kinetics of the experiment in Fig. 2 .
Experiments were conducted in each buffer system at various CO concentrations and were analyzed to find values for the rate constant, e'. The lowest uncertainties for e' were obtained in experiments at low CO concentrations, in which the estimated ±10% uncertainty in equilibrium [CO] had little effect. The root-mean-square deviation of the data from the fits to Eq. 2 was generally less than 1% of the total susceptibility change.
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